Aim/hypothesis AMP-activated protein kinase (AMPK), encoded by Prkaa genes, is emerging as a key regulator of overall energy homeostasis and the control of insulin secretion and action. We sought here to investigate the role of AMPK in controlling glucagon secretion from pancreatic islet alpha cells. Methods AMPK activity was modulated in vitro in clonal alphaTC1-9 cells and isolated mouse pancreatic islets using pharmacological agents and adenoviruses encoding constitutively active or dominant negative forms of AMPK. Glucagon secretion was measured during static incubation by radioimmunoassay. AMPK activity was assessed by both direct phosphotransfer assay and by western (immuno-) blotting of the phosphorylated AMPK α subunits and the downstream target acetyl-CoA carboxylase 1. Intracellular free [Ca 2+ ] was measured using Fura-Red. Results Increasing glucose concentrations strongly inhibited AMPK activity in clonal pancreatic alpha cells. Forced increases in AMPK activity in alphaTC1-9 cells, achieved through the use of pharmacological agents including metformin, phenformin and A-769662, or via adenoviral transduction, resulted in stimulation of glucagon secretion at both low and high glucose concentrations, whereas AMPK inactivation inhibited both [Ca 2+ ] i increases and glucagon secretion at low glucose. Transduction of isolated mouse islets with an adenovirus encoding AMPK-CA under the control of the preproglucagon promoter increased glucagon secretion selectively at elevated glucose concentrations. Conclusions/interpretation AMPK is strongly regulated by glucose in pancreatic alpha cells, and increases in AMPK activity are sufficient and necessary for the stimulation of glucagon release in vitro. Modulation of AMPK activity in alpha cells may therefore provide a novel approach to controlling blood glucose concentrations.
Introduction
In mammals, glucagon is the main anti-hypoglycaemic hormone. It is secreted by the pancreatic alpha cells of the islets of Langerhans in response to hypoglycaemia, and quickly restores normoglycaemia by stimulating hepatic glucose output. Male mice lacking a functional glucagon receptor (Gcgr -/-) experienced frank hypoglycaemia during insulin tolerance tests and severe hypoglycaemia during a 24 h fast together with reduced glucose levels throughout the day [1] . Hypoglycaemia induces glucagon release both as a result of changes in parasympathetic and sympathetic tone [2] , increases in circulating adrenaline (epinephrine) levels and through direct effects of glucose on pancreatic alpha cells [3] . The exact natures of the latter are still debated, and how glucose exerts its action on individual alpha cells is still unclear. We have presented a substantial amount of data supporting the view that, at least in the mouse, a direct effect of glucose and an indirect effect of γ-amino butyric acid, released from beta cells, are the principal means through which glucagon secretion is regulated [4] ; by contrast, roles for released Zn 2+ ions and for insulin appear to be less important acutely, although the latter is undoubtedly important in the control of preproglucagon gene expression [5] .
AMP-activated protein kinase (AMPK) is a highly conserved multisubstrate serine/threonine protein kinase, which acts as a nutrient sensor [6] that has evolved to execute responses to starvation [7] . Mammalian AMPK is composed of three subunits: one catalytic subunit, α, and two regulatory subunits, β and γ. AMPK complexes are activated by phosphorylation of the α subunits on threonine-172 both by Ca 2+ /calcium mitogen-activated protein kinase kinase β and by AMP/liver kinase B1 (STK11)-dependent signals following metabolic stresses [7] [8] [9] [10] . Once activated, AMPK stimulates catabolic pathways that generate ATP, while inhibiting cell growth and biosynthesis and other processes that consume ATP.
In yeast, AMPK allows growth in the absence of glucose and switches cellular metabolism to use alternative carbon sources [11] ; in plants, AMPK allows survival in alternate cycles of light and darkness, as opposed to light only [12] ; finally, in Caenorhabditis elegans, the enzyme preserves lipid stores to allow long-term survival during periods of fasting [13] . In the mammalian brain, AMPK is activated by neuroglucopenia and is necessary for triggering the counter-regulatory response to correct hypoglycaemia. In rats, previous intracerebroventricular administration of compound C (an AMPK inhibitor) [14] attenuated hypoglycaemia-induced increases in plasma concentrations of corticosterone, glucagon and catecholamines, resulting in severe and prolonged hypoglycaemia [15] . Counter-regulatory hormone responses were impaired by recurrent neuroglucopenia, induced daily by intracerebroventricular injections of 2-deoxy-D-glucose and were partially restored by intracerebroventricular injection of 5-aminoimidazole-4-carboxamide 1-β-D-ribofuranoside (AICAR, an AMPK activator) [16, 17] , and during hypoglycaemic clamp studies, stimulation of AMPK within the ventromedian hypothalamus by AICAR was found to amplify the hormonal counter-regulatory response and increase endogenous glucose production [18] .
Consistent with its pre-eminent role in preserving glucose levels in periods of food deprivation, we, and others, have also shown that AMPK activation by low glucose inhibits insulin vesicle dynamics and insulin secretion in beta cells of pancreatic islet of Langerhans [19] [20] [21] [22] , while AMPK activation in vivo diminishes transplanted islet survival in diabetic mice [23] and insulin secretion in transgenic mice expressing an activated form of the enzyme selectively in the beta cell [24] . We therefore hypothesised that AMPK activity may also be regulated by glucose in alpha cells within the pancreatic islet, and in this way might control glucagon secretion.
We show here that low glucose strongly activates AMPK in pancreatic alpha cells and that this activation is both necessary and sufficient for the stimulation of glucagon release by glucose withdrawal, in vitro.
Adenoviruses Adenoviruses encoding green fluorescent protein and dominant negative AMPK under the cytomegalovirus promoter (CMV-GFP or null and CMV-AMPK-DN) are described elsewhere [20] . An adenovirus encoding constitutionally active AMPK under the preproglucagon promoter (PPG-AMPK-CA) was generated according to previous studies [25, 26] by first sub-cloning the 1.6 kb SacI fragment of the rat PPG promoter (a generous gift from J. Philippe, Université de Genève, Switzerland) upstream of the c-myctagged, truncated, constitutively active AMPKα1 312 (residues 1-312; AMPK CA) with a Thr-172-to-Asp mutation cDNA [27] followed by the poly(A) from pCDNA3 in pBluescript II KS+, and then by amplifying this whole cassette by Phusion Hot Start High-Fidelity DNA Polymerase (Finnzymes, NEB, Hitchin, UK) using M13 universal primers. The resulting PCR product was then phosphorylated using T4 polynucleotide kinase and sub-cloned at the dephosphorylated EcoRV site in pAd-Track enhancer. The pAd-Track enhancer was generated by inserting the simian virus 40 enhancer from pGL2 enhancer (Promega, Southampton, UK), generated by PCR, using the following primers: (forward) 5′-CGC GTC TAG AAG GGG TTA ATA AGG AAT AT, (reverse) 5′-CGC GTC TAG AAG CTG ACT GGG TTG AAG G, (XbaI sites underlined) at the XbaI site of pAd-TrackCMV [25] . Both AMPK-DN and AMPK-CA adenoviruses also encode GFP under a distinct CMV promoter. AlphaTC1-9 cell culture AlphaTC1-9 cells (a mouse alpha cell line, passage 35-45; American Type Culture Collection, Manassas, VA, USA) were grown in Dulbecco's modified Eagle's medium containing 18 mmol/l NaHCO 3 , 16 mmol/l glucose, 0.1 mmol/l non-essential amino acids, 10% heat-inactivated FCS, 100 IU/ml penicillin and 100 μg/ml streptomycin in a humidified atmosphere containing 5% CO 2 , unless specified otherwise, as described previously [5] .
Islet isolation Islets of Langerhans from 12-week-old female CD1 mice (Harlan, Blackthorn, Bicester, UK) were isolated and cultured as described elsewhere [28] , in accordance with the UK Home Office Animals Scientific Procedures Act, 1986. Islets were infected with adenoviruses at a multiplicity of infection (MOI) of 100 plaqueforming units/cell and cultured for a further 48 h before measurement of glucagon and insulin secretion.
Total cellular ATP content After experimental manipulations, cells were extracted into ice-cold perchloric acid (20% vol./vol., 200 μl), thawed and adjusted to pH 7.4 with a known volume of neutralisation mixture (0.5 mol/l triethanolamine, 2 mol/l KOH, 100 mmol/l EDTA). Precipitated potassium perchlorate was removed by centrifugation (16,000 g for 2 min at 4°C) and the supernatant was stored on ice before assay. Neutralised sample (10 μl) was added to 1 ml assay buffer (130 mmol/l NaHAsO 4, 17 mmol/l MgSO 4, 4 μmol/l NaH 2 PO 4 , pH 7.4) and the reaction was initiated with 10 μg firefly lantern extract (10 mg/ml stock; Sigma). Light emission was recorded for 30 s using a photoncounting luminometer (LB-9501; EG&G Berthold, Bad Wildbad, Germany). An ATP standard curve (0-50 pmol/ μl) was prepared in parallel with the cell extracts. Protein content of cells incubated in parallel but extracted as for western blot was determined using a bicinchoninic protein assay kit (Pierce, Rockford, IL, USA).
Total AMPK activity AMPK activity measurements were performed as described previously [21] . Briefly, to determine total AMPK activity in alphaTC1-9 cells, 20 μg total protein extract from alphaTC1-9 cells lysed in 100 μl ice-cold lysis buffer (mmol/l: 50 Tris-HCl [pH 7.4, 4°C], 250 sucrose, 50 NaF, 1 sodium pyrophosphate, 1 EDTA, 1 EGTA, 1 dithiothreitol, 0.1 benzamidine, and 0.1 phenylmethylsulphonyl fluoride, 5 μg/ml soybean trypsin inhibitor, and 1% [vol./vol.] Triton X-100) were used with synthetic SAMS peptide (HMRSAMSGLHLVKRR) as substrate. Results were expressed as ratio of cpm from cells expressing null-GFP at 0.1 mmol/l glucose.
Western (immuno-) blotting Cells were scraped into icecold lysis buffer (mmol/l: Tris-HCl pH 7.4 50 mmol/l, sucrose 250 mmol/l, NaF 50 mmol/l, pyrophosphate sodium 1 mmol/l, EDTA 1 mmol/l, dithiothreitol 1 mmol/l, benzamidine 0.1 mmol/l, phenylmethylsulphonyl fluoride 0.1 mmol/l, soybean trypsin inhibitor 5 μg/ml, Triton X-100 1%), vortex-mixed and centrifuged (16,000 g; 5 min; 4°C). Protein content was assayed using a bicinchoninic protein assay kit (Pierce), against BSA Type V (Sigma) standards. Total protein extracts (50-80 μg) were subjected to SDS-PAGE on 7-10% polyacrylamide gels and transferred to polyvinylidene fluoride (PVDF) membranes. After transferring, the filters were blocked with 5% non-fat dry milk in TBS-Tween 0.1% for 1 h at room temperature, followed by incubation with primary antibodies overnight: phospho-AMPK-α (Thr172) 1:1000; anti-AMPK-α pan-rabbit 1:4,000 (NEB, Hitchin, UK); anti-phospho-Acetyl-CoA Carboxylase (Ser 79 ) 1:1,000 (ACC1; Millipore). The PVDF filters were then washed four times for 10 min each time with TBS-Tween 0.1%, followed by 1 h of incubation with anti-rabbit secondary antibody conjugated to horseradish (1:5,000, Amersham). The PVDF filters were then washed as indicated above and subsequently exposed to an enhanced chemiluminescence reagent (Amersham Life Science, Little Chalfont, UK).
Glucagon secretion AlphaTC1-9 cells seeded in 12-well plates or intact isolated mouse islets (13 per 125 -labelled glucagon antibody (Glucagon RIA kit; Millipore). To measure glucagon secretion from cells overexpressing AMPK-CA and AMPK-DN, alphaTC1-9 cells were infected with either null-GFP, AMPK-CA or AMPK-DN adenoviruses for 48 h at MOI 100 units/cell before glucagon assay as above.
Measurements of cytoplasmic free Ca
2+ concentration ([Ca 2+ ] cyt ) AlphaTC1-9 cells were incubated in KBH solution containing 10 mmol/l glucose and 200 nmol/l FuraRed AM (Invitrogen) for 30 min, essentially as described previously [29] . Cells were stimulated using the conditions indicated in the figures and excited at 480/440 nm using an Olympus IX-81 microscope coupled to an F-view camera and captured using CELL^R software (Olympus, UK) on a 40× oil objective. Data were expressed as the ratio of the fluorescence emission at 440/480 nm.
Immunocytochemistry AlphaTC1-9 cells fixed with 3.7% (vol./vol.) formalin for 15 min were permeabilised with 0.1% (vol./vol.) Triton for 5 min. After being washed in PBS three times, cells were incubated in blocking buffer (3% [wt/vol.] BSA dissolved in PBS) for 1 h. Cells were subsequently incubated with primary antibodies diluted in blocking buffer at 4°C overnight. After washing three times in PBS, cells were incubated with fluorophoreconjugated secondary antibodies (Invitrogen) for 1 h. Cells were then mounted onto slides with Vectorshield (Vector Laboratory, Peterborough, UK) and visualised under fluorescent microscopy using a Zeiss Axiovert-200 confocal microscope with an Improvision/Nokigawa spinning disc and running VOLOCITY 5.0 (Improvision, Coventry, UK) software.
Statistic analysis Data are given as means ± SEM of three to five individual experiments. Comparisons between means were performed using two-tailed Student's t test for unpaired data, with Bonferroni correction for multiple tests where appropriate.
Results
AMPK activity is inhibited by glucose in alphaTC1-9 cells and correlates with changes in total ATP content As AMPK activity is regulated by changes in AMP:ATP ratio, we first sought to measure total cellular ATP content in response to changes in glucose concentration in the relatively well-differentiated murine clonal alphaTC1-9 cell line. We have previously reported that glucagon secretion from these cells is progressively inhibited as glucose concentrations are raised from 0 mmol/l, reaching saturation at glucose ≥1 mmol/l [5] . Correspondingly, and as shown in Fig. 1a , incubation of these cells for 60 min, at increasing glucose concentrations, resulted in a sharp increase in total cellular ATP content. This was close to maximum at 1.0 mmol/l glucose but was slightly higher when cells were incubated at 17 mmol/l glucose.
We next assessed AMPK and ACC1 (a downstream target of AMPK) phosphorylation in this cell type in response to high glucose or 1 mmol/l AICAR, a cell permeant analogue of AMP and well known AMPK activator [16] . Consistent with the effects of glucose on ATP levels, AMPKα subunit and ACC1 phosphorylation were greatly reduced in cells incubated in 1 or 17 mmol/l glucose vs 0 mmol/l glucose. Surprisingly, however, AICAR was ineffective in activating AMPK in this cell type (Fig. 1b,c) .
Pharmacological and molecular activation or inactivation of AMPK stimulate and inhibit glucagon secretion, respectively Given the findings above that glucose, over the range of concentrations that regulate glucagon concentration in alphaTC1-9 cells [5] , powerfully regulated AMPK, we next sought to impose changes in the activity of this enzyme and explore the impact on hormone release. Metformin and phenformin are biguanides that are thought to activate AMPK activity through inhibition of complex I of the mitochondrial respiratory chain [30] , therefore increasing cellular AMP/ATP ratios. By contrast, a new compound from Abbott Laboratories (Maidenhead, UK), A-769662, is a thienopyridone drug that selectively activates AMPK allosterically, by targeting β1-containing complexes [8, 31, 32] . As shown in Fig. 2a and Electronic supplementary material (ESM) Fig. 1a , incubation of alphaTC1-9 cells for 16 h (to allow sufficient time for intracellular accumulation of the drug) [33] with concentrations of metformin ranging from 10 to 500 μmol/l resulted in a dose-dependent increase in AMPK and ACC phosphorylation. Incubation with metformin also markedly increased glucagon secretion, which was no longer suppressed by elevated glucose concentrations (Fig. 2b) . Compound A-7769662 (Fig. 2c) and phenformin ( Fig. 2e and ESM Fig. 1c ) also increased AMPK and ACC1 phosphorylation in alphaTC1-9 cells, after 30 to 60 min incubation, and stimulated glucagon secretion at both permissive (0.1 mmol/l) and inhibitory (17 mmol/l) levels of glucose (Fig. 2d,f) . By contrast, compound C (an AMPK inhibitor) [14] inhibited both AMPK and ACC1 phosphorylation and glucagon release (Fig. 2e,f) .
We subsequently modulated AMPK activity molecularly by using adenoviruses encoding constitutively active or dominant negative forms of the kinase [27] . AlphaTC1-9 cells were transduced for 48 h at an MOI of 100 units/cell with either Null-GFP, AMPK-CA or AMPK-DN adenoviruses before incubation in 0.1 or 17 mmol/l glucose and subsequent cell lysis, for measurement of AMPK activity (Fig. 3a) , or assay of glucagon secretion (Fig. 3b,c) . Strikingly, forced activation of AMPK activity at 17 mmol/l glucose was sufficient to stimulate glucagon secretion, whereas forced inhibition of AMPK activity at 0 mmol/l glucose blunted glucagon secretion, confirming an essential role of AMPK in controlling glucagon secretion from alpha cells. (Fig. 5c ).
Inhibition of AMPK prevents cytosolic
Selective activation of AMPK in primary alpha cells within intact mouse islets stimulates glucagon release To extend the findings above in clonal cells to a more physiological preparation, we next modulated AMPK activity specifically in primary alpha cells within intact mouse islets and measured glucagon release in response to changes in glucose concentration. Isolated mouse islets were infected with an adenovirus in which constitutively-active AMPK was expressed under the control of the PPG promoter PPG-AMPK-CA, 48 h before glucagon assay. To assess the efficiency of alpha cell transduction with the PPG-AMPK-CA adenovirus, infected mouse islets were dissociated and the alpha cells were identified by immunohistochemistry using an anti-glucagon antibody. As shown in Fig. 6a , about 60% of the alpha cells (as identified with an anti-glucagon primary antibody and a Texas-red-conjugated secondary antibody) were transduced with the adenovirus (identified via GFP fluorescence; note that whereas viral infection and expression of GFP under the CMV promoter was not limited to glucagon-expressing cells, that AMPK-CA expression was expected to be restricted to alpha cells by the PPG promoter). Even with this relatively low transduction of the alpha cells, we observed a significant increase in glucagon secretion, selectively at high (inhibitory) glucose concentrations, in islets infected with PPG-AMPK-CA adenovirus compared with those infected with null-GFP virus (Fig. 6b) . By contrast, no significant difference was apparent in the release of insulin from AMPK-CA vs null-GFP islets (Fig. 6c) , excluding an indirect effect via altered paracrine signalling from beta to alpha cells. uptake into the endoplasmic reticulum, and hence the decreased activity of a Ca
2+
-regulated plasma membrane current, has been proposed to lead to membrane hyperpolarisation, and so to decreased Ca 2+ influx across the plasma membrane [35] . Measurements of alpha cell membrane potentials in the intact islet are challenging, although a study using rat, mouse and human islets suggested that elevated glucose concentrations do indeed cause alpha cell hyperpolarisation in all three species [36] . However, the latter study provided no further information on the mechanisms involved or the relative importance of paracrine (via changes in beta cell secretion) compared with direct effects of glucose on the alpha cell. Moreover, and in apparent contradiction to this finding, MacDonald et al. [37] have recently reported that the inhibitory effects of glucose on Ca 2+ oscillations were partially reversed by low concentrations of diazoxide, presumably by re-opening K ATP channels and so repolarising the plasma membrane to a level at which Na + channels are inactive and action potential firing does not occur.
Indeed, there remain several key areas of uncertainty with regards to the mechanism of action of glucose. First, it has been unclear until recently whether free ATP concentrations (or ATP/ADP ratio) actually fluctuate in alpha cells in response to glucose. Hence, glucose-induced changes in total adenine nucleotide levels were difficult to demonstrate in FACS-purified rat alpha cells [38] . Our own recent studies [5] , using a recombinant alpha cell targeted firefly luciferase and photon counting imaging, and those of others [39] , demonstrated small (∼5% vs 15-20% in beta cells) [26, 40] , but nonetheless clear, increases in free [ATP] in single alpha cells as glucose was raised over the range 1-20 mmol/l [5] .
In designing the present study we reasoned that a glucose-induced increase in ATP/ADP ratio, in addition to closing ATP-sensitive K + channels, would be likely to inhibit AMPK activity. Using a glucose-responsive alpha cell line, alphaTC1-9 cells, in which biochemical assays were feasible, we now provide direct support for this hypothesis. We demonstrate first that glucose strongly modulated both intracellular ATP levels ( Fig. 1 ) and AMPK activity ( (<1.0 mmol/l) this result was expected in this cell line, in which the dose response to glucose of Ca 2+ responses and glucagon release are also left-shifted with respect to primary alpha cells, most likely as a result of the modest overexpression of low K M hexokinases [5] . The lowglucose stimulated Ca 2+ responses in this cell line reported in this study confirm our previous findings in isolated mouse pancreatic islets [5] , although they contrast with the inhibitory effect of glucose on Ca 2+ oscillation published by Olsen et al. [41] . We would note that the alpha cells used in the report by Olsen et al. [41] were purified by FACS, a procedure, which may conceivably have altered the electrophysiological and other properties of the cells. Unexpectedly, however, we did not observe any impact of AICAR on AMPK activity levels or T172 phosphorylation in alphaTC1-9 cells despite the robust glucose-dependent changes in the latter. As AMP/ATP-dependent changes in AMPK activity, generally believed to be mediated by liver kinase B1, were readily apparent in these cells, the latter finding might be explained by relatively poor rates of uptake or phosphorylation of AICAR by alpha cells. We would note, nonetheless, that increases in cytosolic Ca 2+ following changes in influx across the plasma or endoplasmic reticulum membranes may also enhance AMPK at low glucose concentrations via the activation of calcium mitogen-activated protein kinase kinase β [42] [43] [44] Of particular significance we also show here that imposed increases in AMPK activity, achieved either through molecular genetic or pharmacological means and in either clonal alpha cells or primary islets, leads to an increase in glucagon secretion. By what molecular mechanisms might this occur? As intracellular free Ca 2+ levels were not affected by AMPK activation at either low or high glucose (Fig. 4) it seems unlikely that this manoeuvre alone is sufficient to depolarise the plasma membrane and elicit glucagon secretion during glucose deprivation. On the other hand, as inhibition of AMPK activity suppressed Ca 2+ increases at low glucose, it would appear that increases in AMPK activity are required for enhanced electrical activity. One possible mediator of the latter effect is the activation of K ATP channels, whose trafficking to the cell surface was recently shown to be enhanced by AMPK in pancreatic islet beta cells [45] , an event which, in the alpha cell, would be expected to lead to membrane hyperpolarisation to a level permissive for action potential firing [34] . An apparently paradoxical observation of the present studies is that, in contrast to pancreatic beta cells, in which AMPK activation suppresses insulin vesicle trafficking and decreases insulin secretion [19] , in alpha cells AMPK enhanced hormone release, at least in part, independently of [Ca 2+ ] i . We have suggested that the inhibitory effect of AMPK on insulin secretion may be the result of phosphorylation by AMPK of kinesin light chain kinesin-1 (KLC-1), which occurs vigorously in vitro but the impact of which on KLC-1 activity and vesicle mobility remains unproven [46] . Importantly, AMPK activation exerted no effect on the kinetics of exocytosis by pre-docked granules in beta cells [19] . Although the relative importance of vesicle recruitment (i.e. subcellular translocation to sites of exocytosis) and the stimulated exocytosis of predocked glucagon granules in the response of alpha cells to glucose deprivation is undefined, our data strongly indicate that AMPK activates glucagon secretion downstream of Ca 2+ increases, either by increasing the number of docked granules or their competence for fusion. Further studies will be necessary to address these complex mechanistic questions.
In conclusion we demonstrate here that changes in AMPK activity provide a further means through which alpha cells translate a change in extracellular glucose concentrations into a secretory response. Given the ability of several glucose-lowering agents, including the biguanide metformin as well as the thiazolidinediones, to activate AMPK at least in some tissues [3] the impact of these agents on glucagon release may deserve closer scrutiny. Importantly, agents that may inhibit islet AMPK activity may perform a dual role to stimulate insulin secretion and inhibit glucagon release, both endpoints likely to be of benefit in the treatment of all forms of diabetes mellitus.
